Pitting corrosion kinetics of type 304L stainless steel have been obtained using a quasi in-situ X-ray computed tomography (X-ray CT) approach. A miniature electro-chemical cell was constructed to allow imaging during potentio-dynamic polarization of a wire specimen. The formation of three discrete pits was observed, allowing comparison between real pit geometry and different geometrical assumptions to estimate pit growth kinetics. The pit volumes obtained by X-ray CT showed good fit with the volume of metal dissolution calculated using Faraday's law. Large fluctuations of the mean current density were observed during the pit nucleation stage, followed by pit growth with mean current densities of 1-3 A.cm −2 . Stability products associated with these pits were on the order of 0.3-0.6 A.m -1 , with diffusivity parameter (D . C) of 1.68-3.04 × 10 −8 mol.cm −1 .s −1 . Diffusion coefficients for stable pit growth of 0.83-0.96 × 10 −5 cm 2 .s −1 were estimated for metal ion concentrations of 4.2 M. The growth kinetics of a single pit in type 304 stainless steel 70 under potentiostatic polarisation control in 1 M NaCl with 0.4 M Na-71 thiosulfate solution showed parabolic behavior.
−1 ) was proposed, with the latter 47 based on the evolution of pit current density (i) and pit depth (r). than the bottom part. Furthermore, due to this mechanism the pit ratio 63 z E-mail: fahd.almuaili-2@postgrad.manchester.ac.uk (depth vs. width) can change, suggesting that pits grow in depth oc-64 curs under diffusion control, with ohmic resistance controlling lateral 65 pit growth. 7 Typical current densities between 1-2 A.cm −2 are related 66 to the precipitated salt film at the bottom of the pit, whereas, salt film 67 free regions (side walls) show a maximum current in the range of 68 3-5 A.cm −2 .
The growth kinetics of a single pit in type 304 stainless steel 70 under potentiostatic polarisation control in 1 M NaCl with 0.4 M Na-71 thiosulfate solution showed parabolic behavior. 15 Pit volumes mea-72 sured by means of mechanical grinding and sectioning followed by 73 optical microscopy showed a good fit with the dissolved volume deter-74 mined by current measurements using Faraday's law and assuming a 75 hemispherical pit shape. The study also showed that pit growth under 76 potentiostatic control in 3.5% wt NaCl and seawater was similar to 77 pits grown under open circuit conditions in 1 M FeCl 3 solution, both 78 indicating an exponential relation of pit growth with time. One dimensional (1-D) pit growth investigations using pencil 80 electrodes 26 and two-dimensional (2-D) pit geometry estimated us-81 ing thin foils and in-situ recording or radiography images 9 have been 82 used to allow estimation of pit stability product. These methods allow 83 pits underneath the metal surface to be observed, but the developed pit 84 shape does not necessarily represent pit growth in 3-D. The effect of 85 constraining pits to grow in 1-D or 2-D may not accurately reflect 3-D 86 growth kinetics. It may affect transport processes of dissolved metal 87 ions between pit anolyte and the bulk solution, which can subsequently 88 affect local pit chemistry and associated growth dynamics.
89
For pencil electrode (1-D) measurements, pit growth occurs in 90 depth by maintaining a constant surface area related to the diameter 91 of the pencil electrode 14,17,18 . These 1-D studies revealed transition of 92 pit growth kinetics from ohmic/dissolution control to diffusion control 93 at high potentials. A transition current density between both growth 94 regimes in the region of 1-5 A.cm −2 , with the latter a function of 95 the chloride concentration inside the pit, was also observed.
14 Poten-96 tial step experiment with 1-D electrodes further revealed the effect of 97 Cr content and solution chemistry on the dissolution and passivation 98 kinetics, suggesting that salt film precipitation controls the metal dis-99 solution rate. 18 The effect of electrolyte species also has a profound 100 effect on pit growth kinetics with, for example, the addition of sulfate 101 to NaCl environment significantly reducing the current density for pit 102 growth. 19 In this study, pit chemistry was determined based on the 103 minimum concentration at the pit surface that maintains pit growth 104 without passivation. The dissolved metal salt concentration was then 105 estimated by assuming a constant diffusion coefficient (D), yield-106 ing diffusivity parameters (D. C) of 3-3. and crack growth kinetics.
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148
The aim of our study was to develop an experimental methodol-
149
ogy to investigate 3D pitting corrosion kinetics during exposure to 150 bulk electrolyte, by using a miniature 3-electrode electrochemical cell 151 combined with quasi in-situ X-ray computed tomography (X-ray CT).
152
The second goal was to obtain 3D pit growth kinetics, and compare 
163
The wire section was mounted vertically in a miniature electro- 
172
The bottom part of the cell housed a miniature reference electrode
173
(Ag/AgCl, 3 M NaCl) and a miniature platinum counter electrode.
174
Electrochemical polarisation tests were performed with a scan rate of for 15 min. The current response was recorded during the polarisation 178 experiment at a rate of 1 Hz.
179 Table I gives a summary of the in-situ experiment with associated 180 polarisation cycles. After each cycle, one X-ray CT scan was per-181 formed to visualise the progress of pitting corrosion over time. X-ray 182 Table I . Summary of in-situ electrochemical polarisation experiment.
Step Polarisation Cycles 0 X-ray CT scan (reference / without electrolyte) 1 OCP measurement (15 min.) 2 Potentio-dynamic polarisation from OCP to 644 mV vs. Ag/AgCl 3 X-ray CT scan 1 at OCP 4 OCP measurement (5 min) 5 2nd potentio-dynamic polarisation from OCP to 2 644 mV vs. Ag/AgCl 6 X-ray CT scan 2 at OCP 7 OCP measurement (5 min) 8 3rd potentio-dynamic polarisation from OCP to 700 mV vs. Ag/AgCl 9 X-ray CT scan (3) at OCP then removed from the in-situ cell after step 9 (Table I) , rinsed in wa-
198
ter and images of the pits obtained using a FEI Quanta 650 scanning 199 electron microscope (SEM).
200
Results and Discussion
201
The first X-ray CT scan (step 0) was recorded before the sam- Table I ) resulted in the formation of one corrosion pit (pit 1),
208
with the 2 nd potentio-dynamic scan (step 5 in Table I) a 3-D view of the reconstructed tomography data of the wire with pit 211 1, and Figure 2b gives the same volume with all 3 pits, recorded after 212 the 2 nd polarisation cycle. The final polarisation cycle (step 8) did not 213 result in the formation or further growth of corrosion pits. A SEM 214 image of the wire after the test is shown in Figure 2c .
215
Electrochemical polarisation.-The OCP prior to the first polari-216 sation was +129 mV vs Ag/AgCl (Step 1), with an OCP prior to the 217 second scan of +151 mV (step 4). The current evolution over time 218 of the first and second potentio-dynamic scan are shown in Figure 219 3a. During the first polarisation cycle, the current started to rise at 220 +616 mV up to the applied max. potential of +644 mV vs. Ag/AgCl. 221 The second polarisation resulted in a current increase starting at +596 222 mV but with a far steeper rise of current over time, resulting in ap-223 proximately double the gradient compared to the current evolution 224 observed during the first polarisation cycle. Both curves show a drop 225 of current after a few seconds followed by a continuous rise again.
226
The shift in OCP after the first polarisation is either due to the 227 growth of the passive surface film, often associated with anodic po-228 larisation of passive material, or alternatively an effect of the high 229 energy X-ray beam, causing chemical changes of the film/electrolyte 230 interface. This shift is also observed after the second X-ray CT scan 231 (step 6) with an OCP recorded of +178 mV vs. Ag/AgCl. A third 232 polarisation cycle (step 7) was performed from OCP up to +700 mV, 233 but no measurable current increase over time was observed. No fur-234 ther pit was nucleated during this cycle, which may be related to the 235 limited number of active sites of inclusions at this potential. tained from measurements of the X-ray CT data are shown in Figure   239 3b. All pit volume and surface parameters measured via segmenta-240 tion are summarised in 
236
245
In approach A, all values were measured from segmented X-ray
246
CT data. The area of the pit surface was obtained by measuring the 
277
In approach C, the pit volume was calculated from the charge Table II indicates that pit volumes calculated via segmentation 290 (approach A) are close to those calculated via Faraday's law (approach 291 C), with a difference of less than 6%. This difference may be explained 292 with uncertainty in segmented X-ray CT data. Likewise, the small 293 contribution to the overall current density from the passive surface of 294 the wire was also not considered in these calculations.
295
By only considering the measured X-ray CT data of approach A, 296 the relationship of growth in pit depth over time can be determined, 297 corresponding to r = a . t x , where (r) represents pit depth, (a) and 298 (x) empirical pit growth constants, and (t) time. Computing the pit 299 depths for all 3 pits gives similar values for (x), confirming that pit 300 growth kinetics for all 3 pits were similar. For achieving t 0.5 a pit 301 growth constant (a) of between 3-5 × 10 −6 m.s −1 would need to be 302 assumed, which is in the range of typical growth constants reported. 
13,34
315 Current density and stability product.-In order to obtain pit 316 growth rates, the current densities in Figure 4a have been calculated by 317 using the obtained current response of Figure 3a , divided by internal 318 pit surface area. Three values of pit current density over time are 319 presented based on the three approaches A, B and C outlined in 320 Table II .
321
Figure 4a shows mean current density as a function of time for 322 pit 1. Two regions can be distinguished: the first where the current 323 density increases rapidly and the second where it starts to drop over 324 time. Fluctuations in current density also become smaller over time. 325 The two regions consist of a transient and quasi-steady state period 326 which have been reported for pit growth. 33 The maximum current 327 density of pit 1 reached 5 A.cm −2 at the transient region for approach 328 A, reducing to a mean value of 1.8 A.cm −2 in the steady state region. 329 Figure 4b shows the results for pit 2 and 3. The behavior of pit current 330 density over time is similar to pit 1, but the time for pit growth was 331 almost doubled. The results also show a limiting current density of 5 332 A.cm −2 for approach A, similar to the maximum value observed for 333 pit 1. At the end of the polarisation scan, a mean current density of 334 1.3 A.cm −2 was estimated.
335
In Figures 4a and 4b , approach A has the lowest current densities 336 of all three approaches, indicating that the real pit surface area must 337 be larger relative to the assumptions in approach B, with approach C 338 overestimating the pit depth compared to the real pit dimensions (Table 339 II). The difference in current density between approach A and B is 340 nearly 50%, whereas for A and C it is only 6%. An increase of current 341 12,20
369
Comparing the above three approaches in our study, the results 370 indicate that the current density and pit stability product show slight 371 differences. This variation can be related to pit shape differences and 372 the effect of non-uniform dissolution on the local chloride concentra-373 tion. It appears that using 2-D methods leads to an overestimate in the 374 pit depth growth rate as compared to that obtained from a 3-D analysis 375 of current density and associated stability products.
376
Pit diffusion product estimations.- Figure 5 shows the relation-377 ship between the square of the pit depth (r 2 ) over time (t) using Equa-378 tion 1 (derived from Fick's first law and Faraday's second law), which 379 suggests that pit growth with salt layer is under diffusion control. The 380 equation shown below was used to estimate pit diffusion product.
9,12
Where, D is the effective diffusion coefficient and C is concentration 382 difference between pit bottom and mouth. The gradients in Figure 5 383 provide the diffusion product (D . C) with 1. Figure 5b .
This gives a realistic approach of the effect of time, by considering 444 (D) as Key variable, and using the evolution of current density (i) 445 and pit depth (r) over time from approach (A) as input parameters. 446 The saturation concentration ( C) was kept constant at 4.2 M. Figure 447 5b clearly shows a large variation of diffusion coefficients during the 448 initial transient stage, which is most likely caused by overestimating 449 the metal ion concentration inside the pit. In reality, lower metal ion 450 concentrations than the one used in this estimation will be present, 451 ultimately resulting in the formation of lacy metal covers. 20, 33 The drop 456 of diffusion coefficient between 7-9 second for all pits may indicate 457 salt film precipitation and for pit 1 this may be associated with the 458 time where pit 1 lost its lacy metal cover as seen in Figure 2c .
459
This study shows that quasi in-situ X-ray CT experiments provide 460 an effective tool to study pit growth kinetics and to probe assump-461 tions for optimising pit kinetics for predicting material behavior. The 462 advantage of the 3-D approach over previous 1-D and 2-D in-situ ap-463 proaches lies in the reduction of geometrical constraints, by studying 464 real 3D systems. Further experiments are currently conducted with 465 this approach, by inducing nucleation and growth of multiple pits, to 466 understand whether these affect each others growth kinetics, and the 467 influence of strain on pit growth. ments from electrochemical polarisation tests with information of 471 pit dimensions using X-ray CT data. The pit volumes obtained by 472 X-ray CT showed good fit with the volume of metal dissolution 473 calculated using Faraday's law.
474
2. The measured surface area of pits from X-ray CT is larger than 475 those calculated by assuming hemispherical pit growth, with pits 476 approaching elongated dish shapes rather than perfect hemispher-477 ical shapes. 
